Introduction
============

*Pseudomonas aeruginosa* is a gram-negative, rod-shaped, belonging to the family of *Pseudomonadaceae*. It can be found in many natural environments including warm and moist atmospheres containing very low levels of organic material ([@b1-mmr-17-04-5734]). Therefore, *P. aeruginosa* can contaminate contact lens, cosmetic and several hospital niches, including taps, drains, water pipes, medical equipment and several other devices leading to nosocomial infections ([@b2-mmr-17-04-5734]). This organism is an opportunistic pathogen that can cause serious infections including septicemia, pneumonia, endocarditis, otitis and keratitis ([@b3-mmr-17-04-5734]). *P. aeruginosa* is an increasingly frequent organism found in humans with bacterial keratitis particularly among contact lens wearers ([@b4-mmr-17-04-5734]). This organism can adhere on the surface of contact lens and form the biofilm, as a result, ability to grow is increasing and it is difficult to dispose. *P. aeruginosa* is an important cause of keratitis and may lead to permanent loss of vision if not treated promptly and appropriately ([@b5-mmr-17-04-5734]). Therefore, the rapid and accurate method for determination of *P. aeruginosa* is required.

Identification of *P. aeruginosa* in the clinical laboratory is generally performed by growing the bacteria on nalidixic acid-cetrimide (NAC) agar or cetrimide agar, Pseudomonas CN selective agar (PCN) and Pseudomonas isolation agar (PIA). Although this method is credible but the time required for performing is 24--72 h, which is a long time and other *Pseudomonas* species may display similar growth that limit the identification of species ([@b6-mmr-17-04-5734]). Using polymerase chain reaction (PCR) methods, which allow for more rapid identification of *P. aeruginosa*, have been shown to be highly specific and less time-consuming than classical method ([@b3-mmr-17-04-5734],[@b7-mmr-17-04-5734],[@b8-mmr-17-04-5734]) and PCR have also been reported ([@b9-mmr-17-04-5734],[@b10-mmr-17-04-5734]). However, the PCR based methods require expensive device and skilled personnel to avoid cross contamination between samples.

A novel nucleic acid amplification method termed loop-mediated isothermal amplification (LAMP) using a set of four oligonucleotide primers and the strand displacement enzyme for amplification of target gene at constant temperature ranging from 60 to 65°C was invented ([@b11-mmr-17-04-5734]). LAMP method has been successfully used to detect various bacterial pathogens such as *Vibrio vulnificus* ([@b12-mmr-17-04-5734]), *Vibrio parahaemolyticus* ([@b13-mmr-17-04-5734]), and *Salmonella* spp. ([@b14-mmr-17-04-5734]). In the case of *P. aeruginosa* detection, traditional LAMP methods based on various genes such as outer membrane lipoprotein I (*opr I*) gene ([@b15-mmr-17-04-5734]), outer membrane lipoprotein L (*opr L*) gene ([@b16-mmr-17-04-5734]), *ecfX* gene in bottled water samples ([@b17-mmr-17-04-5734]), *exoS* and *exoU* of Type III Secretion System ([@b18-mmr-17-04-5734]) were reported. In order to increase specificity, the visualization of LAMP product using a labelled-hybridization probe is an alternative method. The LAMP assay combined with DNA-labeled gold nanoparticles (AuNP) probe were established to detect various viral pathogens such as shrimp yellow head virus (YHV) ([@b19-mmr-17-04-5734]), white spot syndrome virus (WSSV) ([@b20-mmr-17-04-5734]), or identification of human DNA in forensic evidence ([@b21-mmr-17-04-5734]). In this system, the DNA-AuNP probe aggregates with a color shift from red to blue or colorless at optimal salt concentration if there is no hybridization reaction ([@b18-mmr-17-04-5734]). However, hybridization of the AuNP probe to a complementary target DNA prevents aggregation in salt environment and solution remained red.

Since LAMP method is highly sensitive for nucleic acid amplification; therefore, the assay is likely susceptible to carryover contamination. To overcome this problem, a one-pot, closed-vessel enzymatic assay that prevent carryover contamination during LAMP reaction was reported ([@b22-mmr-17-04-5734]). This system used uracil-DNA-glycosylase (UDG) to digest uracil-containing LAMP amplicons from previous reaction prior to performing LAMP amplification in the same tube. This system had been successfully used with traditional LAMP assay for detection of *Salmonella* Typhimurium ([@b22-mmr-17-04-5734]). In the present study, a modified UDG-LAMP combined with colorimetric AuNP probe assay (UDG-LAMP-AuNP) for specific identification of *P. aeruginosa* based on *ecfX* gene was developed. The specificity and sensitivity for detection of *P. aeruginosa* was also investigated.

Materials and methods
=====================

### Bacterial isolates and DNA extraction

A total of 39 bacterial isolates including 16 isolates of *P. aeruginosa*, 8 isolates of *Pseudomonas* spp. and 15 isolates of other bacteria were used in the present study ([Table I](#tI-mmr-17-04-5734){ref-type="table"}). The 16S rRNA gene amplifications were performed to verify the bacterial identification as described in a previous report ([@b23-mmr-17-04-5734]). The origins and sources of all 40 bacterial isolates tested were indicated in [Table I](#tI-mmr-17-04-5734){ref-type="table"}. All bacterial isolates were grown for overnight at 37°C in trypticase soy agar (TSA). A single colony from TSA was picked and inoculated into trypticase soy broth (TSB) at 37°C for overnight.

DNA was extracted from bacteria cultured in TSB by using QIAamp DNA mini kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacture\'s manual. The extracted DNA was stored at −20°C until use and an isolate of *P. aeruginosa* (PA07) ATCC was used for the assay of optimization and sensitivity testing with pure culture.

### General PCR

The DNA extracted from bacterial samples was used as a template for PCR amplification. The PCR amplification of *ecf*X gene was performed as described in previous reports ([@b3-mmr-17-04-5734]). Briefly, the PCR was carried out with primers ECF 1 (ATGGATGAGCGCTTCCGT) and ECF 2 (TCATCCTTCGCCTCCCTG) for 35 cycles, each of which consisted of denaturation at 94°C for 45 sec, annealing at 58°C for 45 sec and extension at 72°C for 30 sec. The PCR amplicon size was 528 bp. PCR products were separated by electrophoresis on 1% (w/v) agarose gel and visualized using a gel documentation system (Dynamica GelView Master).

### Design of LAMP primers and probe for the LAMP assay

A set of four primers consisting of 2 outer primers (F3 and B3) and 2 inner primers (FIP and BIP) recognized six distinct regions on *ecf*X gene (GenBank, accession no. DQ 996559.1) of *P. aeruginosa* was designed using PrimerExplorer ver. 4 (<http://primerexplorer.jp/elamp4.0.0/index.html>). The FITC-labeled oligonucleotide probe was synthesized and labeled with a thiol group at 5′-end (Bio Basic Inc., Markham, Ontario, Canada). The sequences of primers and probe are shown in [Table II](#tII-mmr-17-04-5734){ref-type="table"}.

### Optimization of UDG-LAMP conditions

In order to prevent the carryover contamination of LAMP product, the UDG-LAMP reactions were performed as described by a previous study with some modification. The dTTP in a standard dNTP mix was partially replaced with dUTP and UDG was used to degrade uracil-labeled LAMP amplicons ([@b22-mmr-17-04-5734]).

The UDG-LAMP assay was carried out in a total of 25 µl reaction mixture consisted of 40 pmol each of the inner primers (FIP and BIP), 5 pmol each of the outer primers (F3 and B3), 1.4 mM each of dATP, dGTP, dCTP and dUTP: dTTP (different ratios at 100% dUTP; 80% dUTP + 20% dTTP; 60% dUTP + 40% dTTP; 40% dUTP + 60% dTTP; 20% dUTP + 80% dTTP; and 100% dTTP) (New England Biolabs, Inc., Ipswich, MA, USA), 5.0 mM of MgSO~4~, 0.8 M Betaine (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 8 U of *Bst* 2.0 DNA polymerase (New England Biolabs), 5 U of UDG (New England Biolabs), 1X of supplied buffer and DNA template. The reaction mixture was incubated at 37°C for 5 min. and then further incubated at 60, 63 and 65°C for 60 min to determine the optimal temperature. To establish the optimal time, the UDG-LAMP reaction was carried out at pre-determined temperature of 65°C for 30, 45, 60, 75 and 90 min and heated at 80°C for 10 min to terminate the reaction. The products were analyzed by 2% agarose gel electrophoresis and visualized using a gel documentation system (Dynamica GelView Master).

### Preparation of ssDNA-labeled gold nanoparticles probe (AuNPs-probe)

The AuNPs probe was prepared according to a previous report ([@b21-mmr-17-04-5734]). Briefly, 4 ml of colloidal AuNPs with diameter of 10 nm (Sigma-Aldrich; Merck KGaA) was added to 2.5 nmol of the thiol-probe and incubated with shaking at 150 rpm, 45°C for 16 h. The following solutions consisted of 4 µl of 10% SDS, 400 µl of 100 mM phosphate buffer, pH 7.5 (0.02 M NaH~2~PO~4~·H~2~O, 0.08 M Na~2~HPO~4~·7 H~2~O) and 200 µl of 2 M NaCl were added to the mixture and incubated at 45°C, 150 rpm shaking for 48 h. The AuNPs-probe was precipitated with centrifugation at 20,000 × g, 4°C for 30 min. The pellet was washed twice with 700 µl of solution containing 10 mM phosphate buffer, 100 mM NaCl, and 0.01% (w/v) SDS. Finally, the pellet was resuspended in 700 µl of 10 mM phosphate buffer, monitored for absorbance at 525 nm in the range of 0.3--0.4, stored at 4°C and protected from light.

### Optimization of the AuNPs-probe for detection of UDG-LAMP products

To establish the optimal salt concentration for induction of free probe aggregation, 5 µl of MgSO~4~ was added to the mixture (the total volume of 15 µl) to achieve the final concentration of 5, 10, 20, 40, 100 and 200 mM. The positive reaction (red-purple color) and negative reaction (blue-gray or colorless) were observed and recorded by naked eyes and by UV-visible analysis (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

To optimize the hybridization temperature for detection of UDG-LAMP products, 2.5 nmol of AuNPs-probe solution was added to the UDG-LAMP products in a 1:1 ratio at 57, 62 and 65°C for 5 min. The optimal hybridization time was investigated at 5, 10 and 20 min under pre-determined temperature (65°C).

### Specificity testing of PCR and UDG-LAMP-AuNPs assays

The specificity of UDG-LAMP-AuNPs and PCR based on *ecfX* gene was performed to examine the 39 bacterial isolates including 16 isolates of *P. aeruginosa*, 8 isolates of *Pseudomonas* spp. and 15 isolates of other bacteria as shown in [Table I](#tI-mmr-17-04-5734){ref-type="table"}. DNA templates isolated from bacterial cultures by QIAamp DNA mini kit (Qiagen) were used to evaluate the specificity test.

### Sensitivity of UDG-LAMP-AuNPs and PCR assays in pure culture

The sensitivity of the UDG-LAMP-AuNPs assay for the detection of *P. aeruginosa* in pure culture was performed according to a previous study ([@b24-mmr-17-04-5734]) with some modifications using known amounts of *P. aeruginosa* (PA 07). Briefly, bacterial cells from a single colony on TSA were inoculated into 4 ml of trypticase soy broth (TSB; Difco) and incubated at 37°C for overnight. Approximately 40 µl of TSB culture was added to a new 4 ml of TSB and incubated at 37°C with shaking at 225 rpm to mid-log phase (OD 600 nm=0.5--0.6). Then, 10-fold serial dilutions of the cultures were prepared in phosphate-buffered saline solution (PBS).

To extract DNA from pure culture, 100 µl of each dilution was transferred into a new microcentrifuge tube and centrifuged at 20,000 × g for 5 min. Then, the supernatant was removed and the pellet was resuspended in 50 µl of 25 mM NaOH and subsequently heated at 95°C for 5 min. After neutralization with 4 µl of 1 M Tris-HCl buffer (pH 7.5), the suspension was centrifuged at 4°C, 20,000 × g for 5 min and used as a template (1 µl) with optimization condition for UDG-LAMP-AuNPs and PCR assays. The detection limit of UDG-LAMP-AuNPs detection methods was compared with that of PCR assay.

In parallel, to count the bacteria colony number, 100 µl of each dilution was spread on TSA in duplicate and incubated at 37°C for overnight. The bacterial colonies were counted at the dilution yielding 30--300 colony-forming units (CFUs) and then the CFU ml^−1^ of bacterial suspension was calculated.

### Sensitivities of UDG-LAMP-AuNPs and PCR with spiked contact lens

Contact lens samples (Pretty lens; VASSEN Co., Ltd., Pyeongtaek-si gyeonggido, Republic of Korea) were purchased at a store in Bangkok, Thailand. The contact lens samples were washed with 4 ml of sterile PBS. The DNA template was prepared as described below and tested with PCR specific to *ecfX* gene as indicated in the above section to confirm that they were negative for *P. aeruginosa*. The bacterial suspension and adherence of *P. aeruginosa* to contact lens was employed according to a previous report ([@b25-mmr-17-04-5734]) with some modifications using known amounts of *P. aeruginosa* (PA 07). Briefly, a single bacterial colony on TSA was inoculated into a 5 ml of trypticase soy broth and incubated for overnight at 37°C. Then, bacterial cells were collected by centrifugation at 2,000 x *g* for 10 min and the pellet was washed with sterile PBS twice before resuspended in PBS. The absorbance at 660 nm was adjusted to the range of 0.1 which is \~10^8^ CFU ml^−1^. Sterile contact lenses were transferred into 2 ml of 10^8^ CFU ml^−1^ of PA07 and incubated at 37°C with shaking at 125 rpm for 24 h.

After 24 h, the contact lenses were removed aseptically and washed gently with PBS to remove loosely attached microorganisms before transferred to 4 ml sterile PBS and vortexed for 1 min to remove the adhered microorganisms. Then, 10-fold serial dilutions of the cultures were prepared in PBS. For DNA extraction, the 100 µl of each dilution was centrifuged at 20,000 × g for 5 min, the supernatant was removed and the pellet was resuspended in 50 µl of 25 mM NaOH and subsequently heated at 95°C for 5 min. After neutralization with 4 µl of 1 M Tris-HCl buffer (pH 7.5), the suspension was centrifuged at 4°C, 20,000 × g for 5 min and the supernatant was used as a template (1 µl) for UDG-LAMP-AuNPs and PCR assay. The sensitivity of UDG-LAMP-AuNPs was compared with that of PCR assay. In parallel, the bacterial colonies were counted as described above.

### Statistical analysis

The results were analysed using the descriptive statistics tests of SPSS version 23.0 software (IBM Corp., Armonk, NY, USA). Data are presented as the mean ± standard deviation of three independent experiments.

Results
=======

### Optimization of the temperature, reaction time and ratio of dUTP to dTTP for Pseudomonas aeruginosa detection by UDG-LAMP

To determine the optimal conditions for UDG-LAMP assay, various temperatures for the UDG-LAMP assay were conducted at 60, 63 and 65°C for 60 min. The ladder-like pattern characteristic of LAMP reaction was only observed at 65°C tested temperature; therefore, the temperature at 65°C was chosen for the subsequent UDG-LAMP assays ([Fig. 1A](#f1-mmr-17-04-5734){ref-type="fig"}).

To determine the optimal time for UDG-LAMP assay, the reaction was conducted at 65°C for 30, 45, 60, 75 and 90 min. The LAMP amplicons could be clearly observed at 60, 75 and 90 min but no amplification was detected at 30 and 45 min. Therefore, the reaction time at 60 min was chosen as optimal time for the UDG-LAMP assay to minimize the reaction time ([Fig. 1B](#f1-mmr-17-04-5734){ref-type="fig"}).

The LAMP reaction using *Bst* 2.0 DNA polymerase was well progressed using dUTP in place of dTTP; however, the concentration of dUTP affected the visible of ladder-like pattern characteristic on agarose gel. When dTTP was totally replaced with dUTP, the UDG-LAMP reaction produced no ladder-like pattern ([Fig. 2](#f2-mmr-17-04-5734){ref-type="fig"}, lane 1). Therefore, the ratio between dUTP to dTTP was varied from 80% dUTP + 20% dTTP; 60% dUTP + 40% dTTP; 40% dUTP + 60% dTTP; 20% dUTP + 80% dTTP; and 100% dTTP. The ladder-like pattern was observed at the ratios of 60% dUTP + 40% dTTP; 40% dUTP + 60% dTTP; 20% dUTP + 80% dTTP; and 100% dTTP ([Fig. 2](#f2-mmr-17-04-5734){ref-type="fig"}). Therefore, the ratio of 40% dUTP to 60% dTTP was chosen for the subsequent UDG-LAMP assays to study the specificity and sensitivity.

### Optimization of the AuNPs-probe for detection of UDG-LAMP products

To study the effect of salt concentration (MgSO~4~), the UDG-LAMP product were hybridized to AuNPs probe under various concentrations of MgSO~4~ including 5, 10, 20, 40, 100 and 200 mM. The results showed that 40 mM MgSO~4~ yielded the clear difference between positive sample (red-purple) and negative control (blue-gray or colorless) ([Fig. 3A and B](#f3-mmr-17-04-5734){ref-type="fig"}). These results were corresponded to LAMP reactions followed by UV-visible analysis ([Fig. 3C and D](#f3-mmr-17-04-5734){ref-type="fig"}) and the absorbance at 525 nm clearly confirmed that results ([Fig. 3E](#f3-mmr-17-04-5734){ref-type="fig"}). Therefore, 40 mM MgSO~4~ was used for all subsequent assays.

To determine the optimal temperature and time for hybridization between AuNPs probe and UDG-LAMP product, the hybridization was conducted at 57, 62 and 65°C for 5, 10, and 20 min at each temperature. The color reactions demonstrated similar results in all ranges of the tested temperature and time ([Fig. 4A](#f4-mmr-17-04-5734){ref-type="fig"}). However, the UV-visible analysis revealed that the hybridization at 65°C for 5 min yielded the highest absorbance at 525 nm ([Fig. 4D](#f4-mmr-17-04-5734){ref-type="fig"}). Therefore, the hybridization performed at the temperature of 65°C for 5 min was chosen for the subsequent reactions.

### Specificity of the UDG-LAMP-AuNPs and PCR assays

The specific testing demonstrated that UDG-LAMP-AuNPs and PCR specific to *ecfX* gene revealed positive results to all tested isolates of *P. aeruginosa*. While 8 other *Pseudomonas* species and all non-*Pseudomonas* bacteria yielded negative results ([Table I](#tI-mmr-17-04-5734){ref-type="table"}).

Detection limit of UDG-LAMP-AuNPs and PCR assays with pure culture. To determine the sensitivity of UDG-LAMP-AuNPs and PCR assays for detection of *P. aeruginosa* (PA07), the stock solution of bacterial culture (1.6×10^8^ CFU ml^−1^) was diluted in 10-fold serial dilution and DNA extracted from each dilution was used in the UDG-LAMP-AuNPs and PCR assays. The UDG-LAMP and UDG-LAMP-AuNPs assay exhibited the positive result at 1.6×10^3^ CFU ml^−1^ or equivalent to \~3 CFU per reaction ([Fig. 5A and C](#f5-mmr-17-04-5734){ref-type="fig"}), whereas, the PCR assay showed the detection limit at 1.6×10^4^ CFU ml-1 or equivalent to 30 CFU per reaction ([Fig. 5B](#f5-mmr-17-04-5734){ref-type="fig"}).

### Sensitivity of UDG-LAMP-AuNPs and PCR assay with spiked contact lens samples

The detection limit of UDG-LAMP-AuNPs and PCR assays for PA07 spiked into contact lenses was examined. After removal of loosely attached bacteria, the determined number of bacteria in washed solution was 1.1×10^6^ CFU ml^−1^. After 10-fold serial dilutions of washed solution was performed, the total DNA extracted from each dilution was used to investigate the detection limit. The results showed the sensitivity of UDG-LAMP and UDG-LAMP-AuNPs at 1.1×10^3^ CFU ml^−1^ or equivalent to 2 CFU per reaction ([Fig. 6A and C](#f6-mmr-17-04-5734){ref-type="fig"}). Whereas, the PCR assay showed detection limit at 1.1×10^4^ CFU ml^−1^ or equivalent to 20 CFU per reaction ([Fig. 6B](#f6-mmr-17-04-5734){ref-type="fig"}).

Discussion
==========

*P. aeruginosa* is one of the most important pathogens causing human infections such as pneumonia, bacteremia, urinary tract infections and keratitis ([@b26-mmr-17-04-5734],[@b27-mmr-17-04-5734]). Microbial keratitis is a serious complication of contact lens wear and *P. aeruginosa* is a common causative agents associated with infectious keratitis reported in many countries ([@b28-mmr-17-04-5734]). In order to manage patient infection, a rapid and specific detection method is required to differentiate keratitis caused by *P. aeruginosa* from other microorganism infections.

In the present study, a UDG-LAMP-AuNP method targeting to the *ecfX* gene of *P. aeruginosa* was successfully developed. The optimum temperature and time for UDG-LAMP reaction were 65°C and 60 min, respectively. Upon hybridization with nanogold labeled probe and salt addition, the positive reaction (red-purple color) of UDG-LAMP products could be observed within 5--10 min. This is more rapid than the PCR method and more suitable for small laboratory since the sophisticated equipment is not required. The LAMP assay is highly sensitive for DNA amplification; therefore, it is prone to carryover contamination. In our study, the UDG was effectively used to digest the uracil incorporated amplicons in a one-tube, closed vessel reaction. This UDG-LAMP strategy was successfully employed with *Salmonella* Typhimurium ([@b22-mmr-17-04-5734]) and multiplex LAMP for simultaneous detection of white spot syndrome virus (WSSV) and infectious hypodermal and hematopoietic necrosis virus (IHHNV) in shrimp ([@b29-mmr-17-04-5734]). In the present study, the optimum ratio of 40% dUTP to 60% dTTP was used. This ratio was in agreement with that of previous reports for detection of *Salmonella* Typhimurium (the ratio of 1:1) ([@b22-mmr-17-04-5734]) and WSSV-IHHNV (the ratio of 5/8) ([@b29-mmr-17-04-5734]).

The gold nanoparticle can interact with disulfide modified DNA probe and the ability to change color (from red to blue) on self-assembly is due to aggregation at an optimal salt concentration. In our study, under the low-salt concentration (5 to 10 mM MgSO~4~ solution), the AuNP probes were still stabilized in both control samples and the samples containing *P. aeruginosa*. However, at 40 mM MgSO~4~ the aggregation of AuNP probes in the control sample was clearly observed (blue-gray or colorless) and could be distinguishable from positive sample containing *P. aeruginosa* (red color). This result was in good agreement with previous report on specific detection of WSSV ([@b20-mmr-17-04-5734]).

Previous studies on detection of *P. aeruginosa* showed that the false-negative results could be obtained from PCR assays targeting to the *toxA* and *algD* genes due to the highly polymorphic characteristic and sequence variation of *P. aeruginosa* ([@b3-mmr-17-04-5734],[@b30-mmr-17-04-5734]). However, the PCR assay targeting to *ecfX* for specific detection of *P. aeruginosa* has been reported ([@b3-mmr-17-04-5734]). In our UDG-LAMP-AuNPs assay, four specific LAMP primers and DNA probe targeting to *ecfX* gene of *P. aeruginosa* were designed and employed to ensure high specificity of nucleic acid amplification ([@b3-mmr-17-04-5734]). Positive results were obtained for all tested *P. aeruginosa* isolates without cross-reaction to other bacterial species, demonstrating that these LAMP primers and DNA probe were specific for identification of *P. aeruginosa*.

In the present study, the sensitivity of UDG-LAMP-AuNPs assay in pure culture was 1.6×10^3^ CFU ml^−1^ or equivalent to 3 CFU per reaction, 10 times more sensitive than that of PCR. The detection limit of UDG-LAMP-AuNPs at 3 CFU per reaction was more sensitive than traditional LAMP method for detection of *P. aeruginosa* based on *oprI* gene (10 CFU per reaction) ([@b15-mmr-17-04-5734]).

In the case of artificially inoculated contact lenses, the detection limit of UDG-LAMP-AuNPs was 1.1×10^3^ CFU ml^−1^ or equivalent to 2 CFU per reaction, 10 times more sensitive than that of PCR assay (1.1×10^4^ CFU ml^−1^ or equivalent to 20 CFU per reaction). The sensitivity of UDG-LAMP-AuNPs in both pure culture and spiked contact lenses were more sensitive than that of the conventional PCR assay. These results agreed with previous studies that demonstrate a better sensitivity of LAMP compared to that of PCR ([@b13-mmr-17-04-5734],[@b15-mmr-17-04-5734],[@b16-mmr-17-04-5734],[@b31-mmr-17-04-5734]). The detection limit of UDG-LAMP-AuNPs for spiked contact lenses at 2 CFU per reaction was comparable to that of colorimetric LAMP detection of *P. aeruginosa* inoculated in mouse feces at 3.25 CFU per reaction ([@b16-mmr-17-04-5734]) and LAMP assay for direct detection of *P. aeruginosa* from equine genital swabs at 11 DNA copies per reaction ([@b32-mmr-17-04-5734]).

Recently, a microchip electrical sensing for detection of *P. aeruginosa* was developed. The detection limit of spiked eye wash samples at 10 CFU ml^−1^ was reported ([@b33-mmr-17-04-5734]). Another study based on magnetic relaxation switch (MRSw) aptasensor for detection of *P. aeruginosa* with the sensitivity of 50 CFU ml^−1^ was also reported ([@b34-mmr-17-04-5734]). In our study, an inferior detection limit of 1.1×10^3^ CFU per ml was obtained. However, the UDG-LAMP-AuNPs reaction could be performed with simple and inexpensive heating block while the MRSw method required a large size and high cost of magnetic relaxation scanners which is improper for field study.

In conclusion, the first UDG-LAMP-AuNPs method for detection of *P. aeruginosa* based on *ecfX* gene was successfully established. The assay demonstrated high specificity and high sensitivity of \~3 CFU per reaction with pure culture and 2 CFU per reaction with spiked contact lens samples. The developed UDG-LAMP-AuNPs assay is a sensitive, simple, rapid and valuable tool for specific diagnosis of *P. aeruginosa* in contaminated biological samples.

The present study was supported by the Higher Education Research Promotion, Office of the Higher Education Commission, Thailand. The authors are also indebted to all of the institutes listed in [Table I](#tI-mmr-17-04-5734){ref-type="table"} for providing the bacteria used in the present study.

![Determination of loop-mediated isothermal amplification conditions at different temperatures and time. (A) Various temperatures, as indicated on top of the gel, were tested for 60 min, and (B) various reaction times, as indicated, were performed at 65°C, using DNA extracted from the *Pseudomonas aeruginosa* 07 bacterial isolate. Lane N, negative control (no DNA template); lane M, molecular weight marker.](MMR-17-04-5734-g00){#f1-mmr-17-04-5734}

![Optimization of dUTP to dTTP for loop-mediated isothermal amplification. The ratios of dUTP to dTTP were as follows: Lane 1, 100% dUTP; lane 2, 80% dUTP + 20% dTTP; lane 3, 60% dUTP + 40% dTTP; lane 4, 40% dUTP + 60% dTTP; lane 5, 20% dUTP + 80% dTTP; and lane 6, 100% dTTP. Lane M, molecular weight marker; lane N, negative control (no DNA template); dUTP, deoxyuridine triphosphate; dTTP, deoxythymidine triphosphate.](MMR-17-04-5734-g01){#f2-mmr-17-04-5734}

###### 

Optimization of the MgSO~4~ concentration for UDG-LAMP-AuNPs. (A) Various concentrations of MgSO~4~ were added with the AuNPs probe to *P. aeruginosa* UDG-LAMP products and (B) non-*P. aeruginosa* UDG-LAMP products (negative control). Hybridization was performed at 65°C for 5 min. Lane G, AuNPs probe only (without salt solution); lane 1--6, MgSO~4~ concentration at 5, 10, 20, 40, 100 and 200 mM, respectively; lane N, negative control (no DNA template). Absorption spectra of the colloidal AuNP probe in the presence of (C) *P. aeruginosa* UDG-LAMP products and (D) non-*P. aeruginosa* UDG-LAMP products under various concentrations of MgSO~4~. (E) Absorption of UV-visible spectrophotometer at the wavelength of 525 nm. Blue bar indicates positive samples and the orange bar indicates negative samples. LAMP, loop-mediated isothermal amplification; UDG-LAMP-AuNPs, uracil-DNA-glycosylase-supplemented LAMP coupled with nanogold probe; AuNPs, gold nanoparticles; PA/*P. aeruginosa, Pseudomonas aeruginosa*.
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###### 

\(A\) Optimization of hybridization temperatures and durations for the detection of UDG-LAMP products at 57, 62 and 65°C for 5, 10 and 20 min, respectively. Lane G, AuNPs probe only (without salt solution); lane N, negative control (no DNA template). Absorption of ultraviolet-visible spectrophotometer at a wavelength of 525 nm for the detection of UDG-LAMP products using hybridization time at 5, 10 and 20 min for (B) 57°C, (C) 62°C and (D) 65°C. Blue bars indicate positive sample and orange bars indicate negative samples. UDG-LAMP, uracil-DNA-glycosylase-supplemented loop-mediated isothermal amplification; AuNPs, gold nanoparticles.
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![Sensitivity testing for *P. aeruginosa* pure culture detection by (A) UDG-LAMP, (B) polymerase chain reaction and (C) UDG-LAMP-AuNP. Lanes 1--6 represent the 10-fold serial dilution of *P. aeruginosa* from 1.6×10^6^ CFU ml^−1^ to 1.6×10^1^ CFU ml^−1^. Lane M, molecular weight DNA marker; lane N, negative control; lane G, gold nanoparticle probe only; *P. aeruginosa, Pseudomonas aeruginosa*; CFU, colony-forming units; UDG, uracil-DNA-glycosylase; LAMP, loop-mediated isothermal amplification; AuNPs, gold nanoparticles.](MMR-17-04-5734-g06){#f5-mmr-17-04-5734}

![Sensitivity testing for *P. aeruginosa* detection in contact lens samples by (A) UDG-LAMP, (B) polymerase chain reaction and (C) UDG-LAMP-AuNP. Lanes 1--6 represent the 10-fold serial dilution of *P. aeruginosa* from 1.1×10^5^ CFU ml^−1^ to 1.1 CFU ml^−1^. Lane M, molecular weight DNA marker; lane N, negative control; lane G, gold nanoparticle probe only; *P. aeruginosa, Pseudomonas aeruginosa*; CFU, colony-forming units; UDG, uracil-DNA-glycosylase; LAMP, loop-mediated isothermal amplification; AuNPs, gold nanoparticles.](MMR-17-04-5734-g07){#f6-mmr-17-04-5734}

###### 

Bacterial isolates used in the present study.

                                                                                            DNA amplification *ecfX*        
  ------------------------------------------- --------------------------------------------- -------------------------- ---- ---------
  A, *Pseudomonas aeruginosa* (n=16)                                                                                        
                                                                                                                            
  *P. aeruginosa* (PA02)                      Unknown                                       \+                         \+   DMST
  *P. aeruginosa* (PA04)                      Urine                                         \+                         \+   DMST
  *P. aeruginosa* (PA05)                      Sputum                                        \+                         \+   DMST
  *P. aeruginosa* (PA06)                      Compost                                       \+                         \+   DMST
  *P. aeruginosa* (PA07)                      Outer-ear infection                           \+                         \+   ATCC
  *P. aeruginosa* (PA08)                      Animal room water bottle                      \+                         \+   ATCC
  *P. aeruginosa* (PA10)                      Bacterial resistance testing of latex paint   \+                         \+   ATCC
  *P. aeruginosa* (PA11)                      Sputum                                        \+                         \+   DMST
  *P. aeruginosa* (PA12)                      Blood culture                                 \+                         \+   DMST
  *P. aeruginosa* (PA14)                      Pus                                           \+                         \+   TISTR
  *P. aeruginosa* (PA16)                      Intercostal Drainage                          \+                         \+   DMST
  *P. aeruginosa* (PA17)                      Cerebrospinal fluid                           \+                         \+   DMST
  *P. aeruginosa* (PA19)                      Heart blood                                   \+                         \+   DMST
  *P. aeruginosa* (PA20)                      Endo tracheal                                 \+                         \+   DMST
  *P. aeruginosa* (PA21)                      Unknown                                       \+                         \+   DMST
  *P. aeruginosa* (PA22)                      Unknown                                       \+                         \+   TISTR
                                                                                                                            
  B, *Pseudomonas* spp. (n=8)                                                                                               
                                                                                                                            
  *P. japonica* 1526                          Flower of *Haliconia sp*.                     −                          −    TISTR
  *P. putida* 23201                           Unknown                                       −                          −    DMST
  *P. fluorescens* 358                        Unknown                                       −                          −    TISTR
  *P. olevorans* 1097                         Epoxidizes terminal olefins                   −                          −    TISTR
  *P. syringae* 19310                         *Syringa vulgaris*, Great Britain             −                          −    ATCC
  *P. stutzeri* 22487                         Blood culture                                 −                          −    DMST
  *P. boreopolis* 33662                       Unknown                                       −                          −    ATCC
  *P. acidovorans*                            Unknown                                       −                          −    Unknown
                                                                                                                            
  C, Other bacteria (n=15)                                                                                                  
                                                                                                                            
  *Escherichia coli* 25922                    Unknown                                       −                          −    ATCC
  *Plesiomonas shigelloides* 22107            Rectal swab                                   −                          −    DMST
  *Photobacterium damselae* sub *piscicida*   Unknown                                       −                          −    Unknown
  *Vibrio ordalii* VIB02                      Unknown                                       −                          −    DABU
  *Vibrio anguillarum* AVL01                  Unknown                                       −                          −    GB
  *Vibrio campbellii* 21361                   Unknown                                       −                          −    GB
  *Vibrio alginolyticus* 24047                Stool                                         −                          −    DMST
  *Vibrio cholerae* 22117                     Stool                                         −                          −    DMST
  *Vibrio shilonii* 4907012                   *Penaeus vannamei*                            −                          −    SWU
  *Vibrio harveyi* 639                        *Penaeus monodon*                             −                          −    CENTEX
  *Salmonella Typhimurium* 14029              Unknown                                       −                          −    ATCC
  *Salmonella Enteritidis* 7108               Unknown                                       −                          −    DMST
  *Staphylococcus aureus* 25923               Unknown                                       −                          −    ATCC
  *Aeromonas veronii* 21255                   Unknown                                       −                          −    DMST
  *Yersinia rukeri*                           Unknown                                       −                          −    DABU

ATCC, American Type Culture Collection, Rockville, Maryland, USA; CENTEX, Centex Shrimp, Faculty of Science, Mahidol University, Thailand; DABU, Department of Aquatic Science, Burapa University, Thailand; DMST, Department of Medical Science, Ministry of Public Health, Thailand; GB, Ghent University, Belgium; SWU, Department of Biology, Srinakharinwirot University, Thailand; TISTR, Thailand Institute of Scientific and Technological Research; PA/*P. aeruginosa, Pseudomonas aeruginosa*; PCR, polymerase chain reaction; LAMP, loop-mediated isothermal amplification.

###### 

Primers and the probe for loop-mediated isothermal amplification designed from the *ecfX* gene of *Pseudomonas aeruginosa*.

  Primer                        Sequence (5′-3′)
  ----------------------------- -------------------------------------------
  Forward outer primer (F3)     TCCGTGGTTCCGTCTCG
  Backward outer primer (B3)    AAGTTGCGGGCGATCTG
  Forward inner primer (FIP)    TGCCCAGGTGCTTGCGCATTTTCATGCCTATCAGGCGTTCC
  Backward inner primer (BIP)   GCCGACCTCGCCCAGGATATTTTGCTCGACCGATTGCCG
  Thiol probe                   (SH-) A~10-~GGATACTTTCGACCAGTGGC
